AUTOMATED STORAGE AND RETRIEVAL SYSTEM (AS/RS)

HAIVIK

HAMEEN AMMATTIKORKEAKOULU
HAME UNIVERSITY OF APPLIED SCIENCES

Bachelor’s thesis
Electrical and Automation Engineering
Valkeakoski, Autumn 2020

Nhat Tran and Dung Nguyen



H A M K ABSTRACT

HAMEEN AMMATTIKORKEAKOULU
HAME UNIVERSITY OF APPLIED SCIENCES

Electrical and Automation Engineering

Valkeakoski
Author

Subject

Nhat Tran and Dung Nguyen Year 2020

Automation Storage and Retrieval System (AS/RS)

Supervisor(s) Juha Sarkula and Mika Oinonen

ABSTRACT

Keywords

Pages

Automation Storage and Retrieval systems (AS/RS), in comparison with the
manual storage systems, have been more efficient and feasible in terms of
labor and workforce. The rapid thriving of the AS/SR technology offers a
wider range of size, cost and flexibility when it comes to a considerable
investment of any company or industry. Commissioned by a steel
company, the main objective of this thesis project was to design and
implement a small-scale demo model of AR/RS, following the guidance of
the company’s supervisor.

Time planning and work were distributed evenly throughout the project
between the authors. In order to select the most suitable components, a
data table on the specifications of the devices chosen from a variety of
manufactures was made. This thesis includes two main parts: First,
the mechanical part was drafted to build a backbone for the whole
project. The second part includes the use of electrical components and the
PLC Siemens S7-1200, which can be considered as a heart of the system.
Expertise in electrical wiring design and automation engineering was
required in the project. Literature on AS/RSs was used as sources.

Conclusively, the outcome of the thesis project was a
successfully assembled AS/RS model, which met the requirements of the
commissioning party regarding size, cost and implementation after being
tested. The model will be expanded and will serve for visualization and
training purposes of the commissioning party in the future.
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1

1.1

INTRODUCTION

Objectives of thesis project

Despite the fact that manual warehouses show a variety of deficiencies in
safety, precision, and efficiency, many companies, including the
commissioning party are still using manual warehouses since they are
inexpensive and versatile in a short-term period.

The commissioning party is a heavy industrial steel production company
that requires transporting especially heavy objects. During the production
of bars/rods steel, breakdown of the mechanical and electrical equipment
occurs frequently and, by the same token, some of the devices are
outdated. Mostly, new components used for replacement are stored in a
traditional warehouse of the company. Another manual warehouse is
responsible for storing the broken parts and outdated components, which
are scrapped or disassembled into other distinct components or even
refurbished for later use. The primary tools for moving and lifting heavy
materials are forklifts and crane systems, which are inefficient and
dangerous for warehouse employees. Therefore, the commissioning party
is planning to enlarge the scale of their storage system. They have been
conducting various long-term projects and research before taking
investments into consideration since designing such a system in practice is
extremely costly. The main goal of the company during this process is to
increase precision, speed, safety measures and reduce the amount of work
for operators and employees.

One of the commissioning party’s projects is designing a mini-scale demo
of Automated Storage and Retrieve Systems (AS/RSs) and this project was
within the scope of this thesis. The target of the project was to successfully
finalize the AS/RSs demo (described in Chapter 4) for the experimental use
of the commissioning party. The difficulties in conducting the thesis
included making use of all mechanical and electrical parts because all of
the components used in this project were from excess equipment provided
by the company. Accordingly, the demo might not be entirely similar to
AS/RSs in practice, but it was to deliver a basic overview of their structure
and operation. Furthermore, the demo, if being tested successfully, was to
be arranged as a part of the training program for new employees or
internships to approach the devices and components in the company.

1.2  Scope of thesis

The thesis covers the fundamental knowledge of automation in general
and in AS/RSs in practice, thus understanding what the disadvantages of



the warehouses without automation are, also, what the importance of the
AS/RS in the warehouse is. For the experimental design, the thesis
mentioned what perspectives of AS/RSs such as structure, programming is
described to design the model and what difficulties the authors had come
up with the components and the mechanism. At the end of the thesis, the
experimental results conclude what the final target is as well as what the
model improvements and advice for the commissioning party are.

1.3 Task division

Chapter 1 gives a glance at the overall purpose of the thesis. The
theoretical knowledge and research for the thesis, especially automation
in AS/RSs and their components, are explained in chapters 2 and 3. Chapter
4 describes the operation mechanism of the AS/RS model used in this
thesis. Chapters 5 and 6 concentrate on the details of the programming
and user-interface of the model. Finally, chapter 7 proposes some advice
and improvements for the current AS/RS model.

The thesis peoject was conducted and written by two authors, who shared
chapters in the thesis writing. Nhat Tran has written chapters 1, 2, 5 and
Dung Nguyen has handled chapters 3, 4, 6. Chapters 7 and 8 were
equivalent work between the two authors.

2 THEORETICAL BACKGROUND

Chapter 2 describes the theoretical background of automation, Automated
Storage and Retrieval Systems (AS/RSs) in practice and the fundamentals
of Programmable Logic Controllers (PLCs) programming languages.

2.1 Automation system

In this chapter, automation in general and in traditional warehouses are
defined. This chapter also highlights the disadvantages of the warehouses
without automation

2.1.1 Automation in general

“Automation can be defined as the technology by which a process or
procedure is accomplished without human assistance. It is implemented
using a program of instructions combined with a control system that
executes the instructions. To automate a process, power is required, both
to drive the process itself and to operate the program and control system.
Although automation is applied in a wide variety of areas, it is most closely
associated with the manufacturing industries.” (Groover, 2016, p. 75). The



term “automation” was originally invented in 1946 by an engineering
manager at Ford Motor company. An automated system three distinct
parts: Power, Program of instructions, Control System.

The term “Power” refers relatively to electric power or electricity, which
are utilized for managing the process and operating the automation
system. The process is the manufacturing procedure that is, for instance,
material handling or transportations between different operations. In an
automation system, “Power” is also required for the controller units
(computers), control signals (sensors, actuators) and data acquisition
systems. Program of Instructions consists of multiple steps in the
procedure of the manufacturing operation, which are displayed in a Work
Cycle Program. Control System performs the execution of the
manufacturing operation based on the Program of Instructions. A system
can be either an open-loop control system or a closed-loop control system.
With the help of Computer Process Control (the use of digital computers),
the process of Control System in different industries has become faster and
more accurate. There are different tools for controlling the process, for
instance, Programmable Logic Controllers (PLCs), Remote Terminal Unit
(RTU), Direct Computer Process Monitoring, Computer Numerical Control
(CNC), Supervisory Control and Data Acquisition (SCADA), Distributed
Control System (DCS), etc. (Groover, 2016, pp. 110-116). PLC is the
controller used in this project.

Automation in manufacturing is categorized into three types: fixed
automation, flexible automation and programmable automation (Groover,
2016, p. 79). The association between the three types depends on the
variety and quantity of the products as displayed in Figure 1. Fixed
automation is generally fully automated systems, while programmable
automation is usually half-automated systems and flexible automation is
the mixture or combination of the other two types.

Programmable
automation

Flexible
automation

Product varicty

Fixed
automation
1 | 1
1 100 10,000 1.000,000
Production guantity

Figure 1.  Relation between automation and variety/quantity of
product (Groover, 2016, p. 8)

Automation since 1946 has been rapidly rising along with the
development of integrated circuit, microprocessor technology and the
variety of forms of the Computer Process Control System (Groover, 2016,
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p. 76). Automation nowadays not only boosts productivity and efficiency
by operating uninterruptedly, but also diminishes the errors and the
dependence on human workers. Considering human factors and
ergonomics due to distraction, negligence, or exhaustion, the probability
of error occurrence is high, thus interrupting the workflow and managing
process.

2.1.2 Automation in warehouses

Storing and retrieving goods in a warehouse or distribution center is a
common and traditional concept. Storage/warehouse systems are diverse,
but there are two types: manual and automated in terms of operation.
According to the Peerless Research Group, only 4% of them are highly
automated (Logistics Management, 2019). The rest are mostly manual and
half-automated, where operators move around the facility, lift each
product by forklifts and pick up by hand. The main drawback of manual
storage systems is that they are dependently labour-intensive and non-
computerized. They involve many moving pieces and heavy machinery
other than forklifts controlled by storage/warehouse workers.

Inaccurate counts and misplacement might result in time-wasting and
running out of essential items for new orders. Moreover, there is a
possibility that employees encounter injuries as more than 5% of
traditional warehouse workers were injured in 2016 (Conveyco, 2019).
Manual storage/warehouse systems, despite their simplicity and low-cost
investments, cannot optimize the space and capacity of the warehouse
regarding height due to limited reach of forklifts, thus occupying the
considerably large land area. In manual storage systems, numerous
products are usually stacked up one on top of another, which might reduce
the quality of some at the bottom. Because of the lack of automation and
computerization, it is very challenging to track the inflow and outflow of
each product and its quantity. Therefore, each product transaction needs
to be monitored continuously to maintain its availability and stocking
levels. The tracking and monitoring information are not shared within any
automated systems or programs, thus accumulating the wastes of time
and labour and making the whole process more cumbersome.

Most businesses nowadays are still utilizing manual storage systems,
despite their unproductivity. The initial investment and further
maintenance costs are low; the training program is simple for employees.
The manual system is especially appropriate for small businesses because
of their simple product supply chain. For larger businesses, operating
storages manually possibly gain a lot of short-term benefits in the early
stage. However, the accumulation of errors and time-wasting will
decelerate business development gradually. Moreover, storing heavy
products in a traditional warehouse requires many forklifts and crane



systems. All lifting and moving are handled by many human workers.
Therefore, the possibility of causing a serious incident is high.

2.2 Background of AS/RS

This chapter focuses on a closer look at the structure and operation of the
AS/RSs in real life.

2.2.1 General description

Industrialization is the key to push economic growth as the number of
goods produced has been proliferating. In order to suffice for mass-
production, modernizing storages/warehouses are necessary for big
companies and businesses. New innovated technology, such as Automated
Storage and Retrieval Systems (ASRS), enables businesses to keep up with
the increasingly fast and demanding market. AS/RSs can be briefly
described as a combination of equipment and supervisory control systems,
which automatically place and pick items within the warehouse facility. In
a broader range, AS/RS equipment consists of parallel aisles, racks, S/R
(storage/retrieve, also called stacker crane) machine. Expanded AS/RSs
alsoinclude conveyors, I/0 (input/output) stations, and P/D (pick/delivery)
stations (Manzini, 2012, p. 162). AS/RSs is just one of the integrated
systems of the warehouse and not an entire warehouse, which is shown in
Figure 2.

Racks of pallets (Unit-load)

Gonveyors (feed- (within the scope of the thesis)

in/feed-out station

Figure 2.  General AS/RS in real life (Dematic, 2016, pp. 4-5)

Racks are steel structures of accumulated cells, where each load is stored
in a cell. S/R machine is an autonomously electromechanical system that



moves and lifts loads within an aisle, which is the space between two racks.
I/O station is placed next to the S/R machine and connected with the
conveyors, where incoming/outcoming loads are transported and ready to
be stored/retrieved. P/D station is located at the other end of the
conveyors, in which items are manually picked by workers and ready to be
stored/delivered. AS/RS storing procedure operates initially at the P/D
station, where items are classified by size/weight and assigned to trays or
pallets. For safety reasons, the loads are scanned again to ensure that
loads are within weight limits and pallet loads do not exceed the size limit.
Scanned loads are then routed to the I/0O station, where the supervisory
control system detects and automatically assigns to an arbitrarily available
storage location in the rack and saves the location in its memory. The
operators can also select a specific location in the rack when there is a
request for that specific item. After the detecting and assigning procedure,
the S/R machine picks up the loads from the I/O station and place them
into a cell of the rack. AS/RS retrieving procedure operates relatively the
opposite of the storing procedure. The operator selects a requested
location for retrieving and the memory of that location will be removed
from the system. The S/R machine moves the load from the rack onto the
I/O station. From here, there are a certain amount of conveyor lines for
retrieving loads. There is always a conveyor line for transporting loads to
the P/D station for delivery. Usually, there is also an additional line for
moving loads from one rack to another and a line for loads to be discarded
or withdrawn from the warehouse (Manzini, 2012, p. 163).

Stacker crane (5/R machine)
Stacker crane’s carriage
Input/output (1/0) station
Storage rack

Rack Length

Rack height

Rack width

Adsle

L ommoneEp@

Storage location (cell)

Row (tier)

Bay (column)
Width of AS/RS

FoR

Figure 3. General structure of an AS/RS (Manzini, 2012, p. 203)



2.2.2  Structure and depth

Rack and aisle: There are various options for designing the structure of rack
and aisle, enormously depending on the dimension of the system and the
area of the warehouse. The simplest AS/RS accommodates a single-wide
aisle and a single-deep rack type (shown in Figure 4), which are placed
alternately next to one S/R machine, and two racks must not be placed
next to each other. On the other hand, AS/RS with a double-deep rack
contains two racks located next to each other, and AS/RS with double-wide
aisle contains two S/R machines placed next to each other (Manzini, 2012,
p. 202). In general, a structure with more than two consecutive racks or
two consecutive S/R machines is called a multi-deep rack or a multi-wide
aisle (classified as Deep Lane AS/RS).

Single Wide Aisle Single Wide Aisle Double Wide Aisle
Single Deep Rack Double Deep Rack Double Deep Rack

DDA

| DXIDXIDXIDXIDXIDKT

XX

(c)

Figure 4.  Width and depth structure of rack and aisle (Manzini,
2012, p. 203)

S/R machine is a cuboid geometry robot that contains two shuttle drives
and a carriage as can be seen in Figure 5. S/R machine transports loads
horizontally and vertically along the aisle from its carriage to a specific cell.
The structure of the S/R machine is comparable to that of the rack and
aisle. Depending on the rack and aisle structure, there is a variety of
choices for designing the location and the number of S/R machines as
shown in Figure 6. More S/R machines increase the cost but boosting
efficiency.
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Figure 5.  S/R machine (Ferretto Group, 2019)
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Figure 6.  Some structure types of the S/R machine (Manzini, 2012,
p. 167)



2.2.3 Common types of design

Unit-load AS/RSs are the most common type of system used to store large
and standardized loads, typically on pallets. Unit-load AS/RS includes
shuttle system, telescopic forks and single/multi-layer rack-aisle structure.
The shuttle system is controlled by computer supervision, in which a tall
mast carries a crane of each load horizontally and vertically at high speed
along the rail through the aisle for placing and retrieving. The handling
mass is up to 1500 kilograms per load and can reach up to 40 meters.

Figure 7.  Unit-load AS/RSs on pallets (Ferretto Group, 2019)

Mini-load AS/RSs are used for storing small loads such as individual tools,
parts that are contained in boxes, trays or cartons. Relatively similar to
Unit-load AS/RS, Mini-load AS/RS uses telescopic forks within the
single/multi-layer rack-aisle structure. Since items are much smaller, the
system will typically use a suction cup, robotic arms or extractors. Unit-
load ASRS can handle up to 500 kilograms per load and rack structure can
be up to 25 meters.

Figure 8.  Mini-load AS/RSs on trays and cartoons (Ferretto Group,
2019)
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Deep lane AS/RS is a fully automatic and high-density storage system used
for storing a large number of accumulated loads. Deep lane AS/RS is
composed of rack structure, satellites, shuttle carriers, pallets, lifts and
conveyors. Each rack is a flow-through design with two different modes:
first-in-first-out (FIFO), where shuttles flow in on one end of the rack and
flow out on the opposite end; last-in-first-out, where shuttles flow in and
out at only one end of the rack. Loads are only accessible at one or two
sides depending on the rack structure. Shuttle carrier can handle a loading
capacity of 1500 kilograms and travel at a maximum speed of 2 m/s.

Figure 9.  Deep lane AS/RS (multi-depth) - (WAP, 2018)

2.2.4 Challenges of designing AS/RS

The main reason for the fact that most warehouses nowadays are
implementing in a traditional way, is the complexity of AS/RSs. With the
immense cost of the components and the handling system, it is critical to
efficiently design an AS/RS that meets the current and projected future
requirements. The physical structure of AS/RSs is inflexible, the cost for
moving the system is considerably costly. Thus, it is decidedly necessary to
design it carefully on the first try. Since AS/RS is a part of the warehouse,
not only does it have to operate efficiently within the system itself, but
also it must be compatible with other systems within the warehouse. In
other words, the performance measurement of the AS/RS must also be
considered associated with the rest of the warehouse (Manzini, 2012, p.
167). Other factors of designing constructive AS/RSs in practice such as
feed in/feed out system, controlling software, WMS (Warehouse
Management System), Travel-time, Warehouse planning, Data/Economic
Analysis and performance measurement were not within the scope of this
thesis project.
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2.3 Programmable Logic Controllers (PLCs)

This chapter illustrates the main PLC programming languages and the
difference among them as well as the structure of the program (specifically
in TIA Portal).

2.3.1 Definition

“A  programmable logic controller (PLC) can be defined as a
microcomputer-based controller that uses stored instructions in
programmable memory to implement logic, sequencing, timing, counting,
and arithmetic functions through digital or analog input/ output (I/0)
modules, for controlling machines and processes.” (Groover, 2016, p. 256)

2.3.2 Programming languages

Programming is the method, in which the control instructions through the
programming device are provided to the PLC. Including logic expressions,
sequences, counting and timing, control instructions are represented in
different programming languages. According to the International
Electrotechnical Commission - IEC 61131-3 standard, there are five PLC
programming languages, three graphical and two text-based languages,
respectively Ladder Diagram (LD), Sequential Function Charts (SFC),
Function Block Diagram (FBD), Structured Text (ST), Instruction List (IL). LD,
SFC, and FBD are graphical type language, ST and IL are textual based
language. “IEC 61131-3 also states that five languages must be able to
interact with each other to allow for all possible levels of control
sophistication in any given application.” (Groover, 2016, p. 260)

Structured Text (ST) is a high-level language containing lines of codes
separated by the semicolon and different keywords (FOR, WHILE, IF, ELSE,
ELSIF, CASE, ETC.) that is similar to the C language. The principal feature of
ST language is the capability to execute complex tasks such as
mathematical calculation and algorithms. These tasks when constructed in
other graphical languages might look extremely messy and convoluted.
Instruction List (IL) is a low-level language, which contains a series of
instructions of the relationships between the components and each rung
of the ladder diagram. Function Block Diagram (FBD) is a graphical
language consisting of separately connected functional blocks, where each
block describes the relationship of the inputs and outputs. FBD technically
works well with motion controls and visually is easy to understand.
However, FBD can be very disorganized to troubleshoot as the blocks can
be placed anywhere in a single line (network). Sequential Function Chart
(SFC) is identical to the flow chart. SFC displays a sequence of steps and
transitions that move from one state of the system to another by setting
the conditions to true or false. SFC among other types is easy to construct
and troubleshoot, although it does not fit all applications.
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Ladder Diagram (LD) is currently the most widely used PLC programming
language, which looks similar to the electrical schematics going vertical.
Constructed as a ladder structure like the rails and rungs, LD expressed the
logic operations such as sequential, counting, timing, mathematical
problems via symbolic notation. The symbols and order of execution from
up to down, left to right make the ladder logic readable and easy to
understand. Electricians and shop personnel without being familiar with
computer programming can understand the logic of LD more easily than
other types. The drawbacks of LD are difficulties in configuring motion
control and handling complex mathematical functions and algorithms.
These issues can easily be resolved with the help of other types of PLC
programming languages.

Rail Rail
| Comments for Rung 1 |
Tag Name Tag Name Tag Name
Address Address Address
Rung 1 | | | | / \
’ | | || N7
| Comments for Rung 2 |
Tag Name Tag Name Tag Name
Address Address Address
| Comments for Rung 3 |
Tag Name Tag Name Tag Name
Address Address Address
\ J \ J
Y Y
Inputs & Logic Expressions Outputs

Figure 10. Structure of ladder logic diagram (Ladder Logic WORLD,
2020)

In the TIA Portal program in this thesis, the programming language used is
Ladder Logic Diagram (LAD notation in TIA Portal). Within the program, the
mostly used logic operations are “Assignment”, “Set”, “Reset” outputs.

“Assignment” output activates the pulse to the output coil (set the output
to “1”) whenever the input signals are “1”. In other words, the value of the
“Assignment” output depends on the values of the inputs.
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Figure 11. Symbol of “Assignment” output in LAD (TIA Portal)

“Set” and “Reset” output usually work as a pair as they both control the
same output. Once the output is set (“1”), it will remain unchanged unless
the outputis reset (“0”) and vice versa. Therefore, it is essential to manage
in a large project where the output is set and where the output is reset

—s

Figure 12. Symbol of “Set” output in LAD (TIA Portal)

—(R—

Figure 13. Symbol of “Reset” output in LAD (TIA Portal)

2.3.3 Program blocks

In industrial manufacturing, it is essential to divide the automation process
into individual and simpler tasks. Accordingly, the key to organizing the
structure of the program is to break it down into different and self-
contained sections also known as program blocks. Each block clarifies a
specific function of the program, thus making the entire programs more
organizable and easier to understand. Also, debugging and later
modifications will be much simpler.

Shart of F———  tiesting depth ———4
N A > T e
_ OB 1 '«
_§. [Indance DB 1
e —— — e
: FB2 FE 1 SFG
—f o~
& Tirstance DB 2| [Indance DE 1
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FC1
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Figure 14. Call hierarchy of program blocks (Siemens, 2017)
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Organization blocks (OBs) also known as the main block of the program
create the structure of the interface between the user program and the
operating system. A “Program cycle” OB executes cyclically and contains
the instructions to call the other blocks of the program.

Function blocks (FBs) are logic blocks with memory functionality. The static
variables and the parameters that migrate to the FB are stored in the
instance DB. When the execution of the FB is complete, data saved in the
instance DB are not lost. On the contrary, temporary variables, which are
stored in the local data stack are lost after the execution of the FBs.
Function blocks are used for the complex and frequently occurring
program.

Functions (FCs) are logic blocks without memory functionality. Temporary
variables in the FC saved in the local data stack are lost after the FC’s
execution. Shared data blocks can also be used to save data permanently.
Moreover, FCs are often applied in high frequently used tasks, which
executes by different logic blocks’ call.

Data blocks (DB) DBs, in contrast to logic blocks, are areas for storing user
data. In addition, shared data blocks assigned to a function block can be
accessed by all other blocks. The size of DBs can differ based on the CPU
maximum size.

3 BACKGROUND AND SELECTION OF HARDWARE

This chapter provides fundamental knowledge in mechanical and electrical
fields. Additionally, the selection of material and components is explicitly
discussed throughout the whole chapter.

3.1 Mechanical section

In this mechanical section, chapter 3.1.1 focuses on comparing materials
used for the shelves. Whereas chapter 3.1.2 mainly presents fundamental
concepts of linear motion. Later, the choice of mechanical components is
mentioned in chapter 3.1.3 and 3.1.4.

3.1.1 Material selection

Throughout history, steel and aluminium are the two most common
materials used in the construction, aerospace, home appliances, and
especially the mechanical and metalworking industries. Each material has
distinct characteristics suitable for different applications. Cost, flexibility,
environment resistance, and application play an essential part in choosing
the project's material.
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The cost is always an essential factor to consider when buying any product.
Steel is usually cheaper than aluminium due to the lower price of raw
material. However, aluminium is preferable because of the malleable and
anti-corrosion abilities. Moreover, aluminium is easier to work with. Unlike
steel, an equal-dimension piece of aluminium can withstand the same limit
test without cracking or tearing during spinning (Wenzelmetalspinning,
n.d.). Accordingly, aluminium was chosen for the project frame.

ALUMINUM or STEEL

A .
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Figure 15. A comparison between aluminium and carbon steel
(Erectastep, 2020)

3.1.2 Fundamentals of linear motion control

Linear motion is one-dimensional motion in a straight line (H.Nichols,
2018). Engineering advances in linear motion have developed a variety of
options for driven actuator frameworks. The technology has a wide range
of choices and among them, there are some essential mechanisms, which
contribute hugely to the transformation of modern linear motion such as
belt drive, chain drive, lead screw, ball screw, linear motor and roller pinion
systems.

However, when deciding between these types of mechanisms, many vital
criteria need to be considered. Some of the main factors include
orientation, load, stroke length, speed, accuracy, and endurance under
environmental conditions. Accuracy can be broken down into precision
and repeatability. Precision measures how precise the assembly can move
the load to the desired endpoint within a tiny tolerance. On the other
hand, repeatability is a measure of the degree to which a driven cluster
can continuously move a load to the same position. Moreover, expenses
are also involved in the choice of the system’s mechanism essentially.
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Since the expenditure covers not only an up-front but also a long-term
maintenance cost during the operation, a proper assessment should be
done in order to pick the most suitable device for the application of the
system (Lead Screw or Belt-Drives, n.d.)

Common types of linear structure:

a)

b)

Leadscrew uses a spiral structure of the thread to transform motion
into linear motion. However, because of a huge-contacted area
between the shaft’s thread and the nut, a great amount of frictional
losses is created. Therefore, leadscrew is less efficient and accurate
compared to the ball screw. Leadscrew has comparatively high load-
bearing power. Although the load-bearing is less than the ball screw,
one of the primary advantages of the leadscrew is the pricing, the cost
is usually just one-tenth of its relative cousin — ball screw (Kliber, 2015).

Figure 16. Leadscrew (ABSSAC, n.d.)

Ball screw structure consists of a screw shaft and ball nut with
recirculating bearings achieved by using a return tube (shown in Figure
17). The load is distributed by the rolling elements; hence the friction
is reduced, high load volume increases. Moreover, due to the low level
of friction, accuracy can be achieved in the ball screw. However, ball
screw appears to be pricey, and frequent lubricating is required to
maintain its condition. Finally, ball screw is susceptible to noise caused
by recirculating balls (Kliber, 2015).

Figure 17. Structure of the Ball screw (Medical Design and
Outsourcing, 2016)
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A belt drive is typically selected due to its high speed, long stroke
length, lower noise and relatively little maintenance. However, the
accuracy and load capacity of the belt drive are not as high as with the
lead/ball screw. Besides, stiffness and stretch are additional drawbacks
(Kliber, 2015).

Figure 18. Belt drive (Collins, Pulley balancing for belt drives, 2017)

A chain drive, (illustrated in Figure 19), conveys rotary movement into
linear movement by a roller chain (known as chain links) meshes a
sprocket gear. Due to the metal material, chain drive is capable of
working in difficult environments and is not easily damaged by sunlight
or erosion. Nevertheless, chain type produces more noise and flutter
than the belt drive (Kliber, 2015).

Larger sprocket
Chain link

Figure 19. Chain drive (Mecholic, n.d.)

A rack gear and pinion (as illustrated in Figure 20), is a comprised set,
in which a circular gear (also known as a pinion) engages a linear gear
(a rack) to convey rotational motion into linear motion. Rack delivers
smoother running at high speed and a great load volume thanks to the
greater contact ratio of the tooth. To ensure proper operation,
lubricating is a must. Since rack and pinion sets have comparatively few
parts, they help to save time during assembly and improve reliability.
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A high degree of precision is acquired even over long journeys (Kliber,
2015).

Figure 20. Rack gear and pinion set (Encyclopaedia Britannica, n.d.)

3.1.3 Leadscrew

Leadscrew was selected for the project due to the high accuracy and
positional repeatability in linear motion. Moreover, leadscrew has
competitive pricing and lower maintenance cost, compared to other types
of linear motion structure. It is also preferred for safety reasons. Thanks to
the holding mechanism, crashing or shifting in vertical applications can be
prevented if a power outage occurs. The screw terminology includes two
related fundamental concepts of the outer structure: pitch and lead. Since
in most of the common screws, pitch and lead are the same, which makes
them look easily confused.

Pitch is the distance from the screw grooves of one thread to the other
thread. Lead is the travel distance, which the nut can make on the axis of
the screw per one full screw revolution. In single start screws, the pitch
and the lead are equal. For multiple start screws, the lead is equal to the
division of the pitch by the number of starts (Thomson, n.d.).

Figure 21. Pitch and lead on the screw (Thomson, n.d.)
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Types of thread:

e Single-Start: With each revolution of the screw, the nut moves 2
mm. This gives higher resolution and torque, but with slower
movement speed.

e Two-Start: Each revolution moves 4 mm. For many applications, it
is a reasonable balance between speed and torque.

e Four-Start: Each revolution moves 8 mm. Fast movement is
achieved, but at the cost of torque, the motor has to handle more.
Furthermore, heavy load is likely to cause back-drive to the screw.
The weight of the load, therefore, can lead to the screw’s self-
turning.

On the project, the single-start leadscrews were used for precision and
high torque.

3.1.4 Linear guide

A linear guide is a set of traveling carriage that operates on a linear
component called a rail (Lan, 2013, p. 18).

In order to obtain precise and repeatable linear motion, a linear axis must
be steady enough to avoid deviation in undesired directions. Aside from a
linear actuator to produce linear motion, the steadiness can only be
achieved by comprising the system with the linear guide to confine the
motion to a straight line.

There are several types of linear guide categorized by their characteristics
and applications.

a) Plain linear slide which usually comes in two types: boxway and
dovetail. Generally, plain slide has a high load capacity and is
commonly used in stamping works and machine tools. However, sliding
structure of the plain linear slide produces high friction which makes it
a poor option for automation (Collins, 2018).
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Figure 22. Plain linear slide (Collins, 2018)
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b) The Linear Bush is a ball-based linear guide, which is used in

d)

combination with a cylindrical axis. This system offers linear
movements with a low frictional resistance to ensure precise and fast
operation (THK, n.d.).

Figure 23. Linear bush (THK, n.d.)

Flat Roller is a basic linear guide consists of a number of precision
rollers retained by a pressed steel plate. This product is suited for large
machines that require high rigidity with a minimal friction coefficient
and an easy installation (THK, n.d.).

Figure 24. Flat roller (Ikont, n.d.)

The Cross-Roller Table is a lightweight, high-stiffness, high-precision,
limited travel linear guide unit with integrated cross roller guides.
This architecture offers a simple installation and a high accuracy linear
guiding system.
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Figure 25. Cross roller table (Misumi, n.d.)

The linear bush type was chosen for the linear guide structure due to the
efficiency and accuracy it provides at a relatively low cost. The twin linear
bush guide when properly constructed gives a comfortably smooth motion
and a high load capacity. Moreover, linear bushes are readily available
components.

¥/ 4

W/

Figure 26. Linear bush set (Amazon, n.d.)

Electrical section

The following chapter covers fundamental knowledge of electrical
equipment. Chapter 3.2.1 and 3.2.2 present the instruction guide and basic
concept of micro-stepping control. The transistor theory is later described
in chapter 3.2.3. Limit switch and emergency stop are mentioned in
chapter 3.2.4 and 3.2.5. Whereas in chapter 3.2.6, wire selection is listed
out. Finally, rudimental understanding and the choice of the miniature
circuit breaker are presented in chapter 3.2.7.

Micro stepper driver

In theory, a stepper motor can be directly driven by the controller.
However, in reality, the controller's output current and voltage are either
too small or too large to drive a stepper motor. PLC controller is only
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capable of outputting current with small amperes. Meanwhile, to move
the stepper motor, a broad current range from 0.5A to 4 A is required.
Therefore, we need an additional tool that fulfills the needs of sufficient
operation.

The Micro stepping Driver TB6600 (shown in Figure 27), which is a
specialized module for controlling bipolar two-phase stepper motors, is
built around the TB67S109AFTG Toshiba controller chip (Bakker, 2018).
The driver has the ability to control the mode of full step, half step, micro-
step (1/4, 1/8, 1/16, and 1/32 step), which can be set on the hardware of
the module. With a running current of 0.5 — 4 A, this driver module is an
ideal option for stepper motors, e.g., NEMA13, NEMA17, etc. The driver is
equipped with built-in safety functions, such as overheating, over current,
under-voltage shutdown protection.

DC:9-42VDC

Figure 27. TB6600 stepper motor driver

The TB6600 module uses a 9-42 VDC power supply for the stepper motor
operation; 36VDC is recommended (Bakker, 2018).
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Table 1. Specification TB6600 (DFRobot, n.d.)

Input Current 0~5.0A

Output Current 0.5-4.0A

Power (MAX) 160W

Micro Step 1, 2/A, 2/B, 4, 8,16, 32
Temperature -10~45%C

Humidity No Condensation
Weight 0.2kg

Dimension 96*56*33 mm

The motor driver comprises several blocks:

a) Motor Driver Block uses IC TB67S109AFTG to control the operation of

the stepper motor.

b) Opticalisolation block isolates the control signal from the engine driver

c)

block.

Control signal block includes 6 pins:

e ENA-, ENA+: Signal enables/disables the module to operate.

e DIR-, DIR +: Signal controls the rotational direction of the motor.
e PUL-, PUL+: Pulse signal controls the motor rotation.

With a 2-pin design to control functions, the TB6600 module allows the
user to select either a common-cathode or a common-anode wiring
circuit. 5V control system can be directly connected to the control pin
of the stepper driver. However, if the power supply exceeds +5V, a
limiting-current resistor must be added. This will ensure the control
system pin can output 8-15mA to operate the internal chip efficiently.

Common-anode wiring (Figure 28) is done by connecting the pins
ENA+, DIR+, PUL+ to the controller 5 VDC. The pins ENA-, DIR-, PUL- are
connected to the controller’s output terminals.
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Figure 28. Common-anode connection (DFRobot, n.d.)

Common-cathode wiring as seen in Figure 29 is done by connecting the
pins ENA-, DIR-, PUL- to the controller’s ground terminal, the pins
ENA+, DIR+, PUL+ are connected to the controller’s output terminals.

|
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Figure 29. Common cathode connection (DFRobot, n.d.)

d) Motor Winding Block includes four pins: A +, A-, B +, B- allowing a
connection of the bipolar stepper motor and four ends.
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Figure 30. Power supply and motor winding connections

Mode setting block includes switches that allow users to select the
optional modes of adjusting current and step width. Current selection
adjusts the current output to the stepper motor (shown in Table 2)

Table 2. TB6600 Current setting (DFRobot, n.d.)

Current(A) |Peak current S4 S5 S6

0.5 0.7 ON ON ON
1.0 1.2 ON OFF ON
1.5 1.7 ON ON OFF
2.0 2.2 ON OFF OFF
2.5 2.7 OFF ON ON
2.8 2.9 OFF OFF ON
3.0 3.2 OFF ON OFF
3.5 4.0 OFF OFF OFF

Micro-step selection (shown in Table 3) sets micro-steps for the driver
circuit. For example, if the motor is 1.8-degree type, then an input one
pulse will cause the motor to rotate 1.8 degrees, 200 pulses will turn
the motor one revolution. With micro-step of 1/2, 1/8, 1/16; one pulse
will respectively spin the motor 1/2, 1/8, 1/16 of 1.8 degrees. In
general, the smaller excitation (micro-step) mode is, the quieter and
smoother operation is achieved.

Table 3. TB6600 Micro step setting (DFRobot, n.d.)

Micro step [Pulse/rev [S1 S2 S3

NC NC ON ON ON
1 200 ON ON OFF
2/A 400 ON OFF ON
2/B 400 OFF ON ON
4 800 ON OFF OFF
8 1600 OFF ON OFF
16 3200 OFF OFF ON
32 6400 OFF OFF OFF
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3.2.2 Stepper motor

A stepper motor is a brushless synchronous DC motor, which translates
pulse’s changes into a precise discrete angle (‘step’).

A stepper motor is classified into three main types (NJR, n.d., p. 1) :

Permanent-magnet stepper motor (PMS): Unlike other stepper motor
types, the rotor of the permanent-magnet stepper is not toothed and is
made of a permanent magnet. When the motor stator coils are connected
to the DC power supply, a magnetic field with north and south poles can
be interchanged by sequentially switching the current flow (NJR, n.d., p.
2). Accordingly, this rotating magnetic field from the stator forces the
rotor’s permanent magnet to spin by a certain angle to align with the
stator’s pole. Permanent-magnet stepper has high torque and also large
step angle.

Variable reluctance motor (VRM): The rotor is made of plain soft iron, and
the stator has more teeth than the rotor. The stator coils are energized in
sequence so that only one pair of rotor teeth is aligned to the stator at a
time. The motor operates based on the occurrence of minimum reluctance
with the minimum gap. As a result, the rotor points will be attracted
towards the stator magnet poles (Cameron, 1990, pp. 17-18). The
disadvantage is the lack of a permanent magnet, thus having a negative
effect on the torque.

Hybrid type (HSM) has combined aspects from the variable reluctance
stepper motor and the permanent magnet stepper motor. The hybrid
stepper motor has a magnetized rotor with toothed steel
cup enclosures made of soft iron. Hence, one end of the rotor becomes
the south pole, and the other end becomes the north pole. The teeth on
two cups are aligned a specific degree with each other. When the stator is
energized, the rotor teeth move and line up with the teeth of the stator.
Each of these moves is % of the rotor tooth (for a 2-phases stator)
(Acamley, 2002). Since the common hybrid rotor has 50 teeth, the motor
makes 200 steps per revolution. Therefore, the length of each step can be
simply calculated by the number of rotor teeth:
360

= o 1
7550 1.8 (1)

Step angle =

“The step length can be simply expressed in terms of the numbers of
phases and rotor teeth” (Acamley, 2002, p. 8).

360
St le = 2
epangte =5 stator phases X rotor pole pairs )

(Collins, 2018)
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For instance, the hybrid stepper (2 phase stator) which has 18 rotor teeth,
has a step angle of 5°. Meanwhile, a hybrid stepper motor (5 phase stator)
produces 0.72° with 50 rotor teeth.

According to a survey conducted by Harris, Andjargholi, Lawrenson,
Hughes, & Ertan, (1977, p. 1222), with the same given motor volume, a
hybrid stepper produces a larger torque and a smaller step than the
variable-reluctance motor.

Bipolar and Unipolar stepper motor comparison:

Table 4. Comparison between Bipolar and Unipolar stepper motor
(NPM, n.d.)

Bipolar stepper

Unipolar stepper

For the
motor,

Two leads per phase.
conventional two-phase
there are 4 wiring leads

Three leads per phase. For
the conventional two-phase
motor, there are 5-6 wiring
leads.

Voltage reversal is needed in order
to change the direction

No voltage reversal

Higher torque as bipolar uses full
coil

Lower torque as unipolar uses
only half of the coil

Since the bipolar is designed with a
single winding per phase, the
current needs to fully decay before
reversing. As the result, bipolar
stepper has a slower speed
compared to unipolar

For each winding, the current
flows in one direction.
Thereby, fully current decay is
not required which resultsin a
faster speed

Requires more advanced controller
circuit

Unipolar can be simply
controlled by 4 transistors

A unipolar stepper motor with 6-8 wiring leads can be considered as a
“universal” motor which can be used flexibly as either a bipolar or a
unipolar motor, depends on how the motor is wired (Electronics Stack
Exchange, 2012).

e 4-wire: Bipolar only

e 5-wire: Unipolar only

e 6-wire: either Unipolar or Bipolar
e 8-wire: either Unipolar or Bipolar



28

For a motor with 6 leads, if the center leads of each coil are connected
together, it becomes a unipolar motor. Whereas, to use the stepper in
bipolar mode, the center leads must not be connected so that the coils
only use their two end leads.

Stepper motors come in many types of shape, volume and variety of
configurations and to properly use the stepper motor, wiring connection
must be taken into account. Therefore, to figure out the wiring connection,
there are several methods to determine the leads’ position on the coil
(Buildbotics, 2019):

Find the manual document of the stepper motor. A good datasheet
gives you everything you need to know about the specifications of
the component, from the voltage-current ratings to the
arrangement of the leads.

Use the ohm meter as a tool to identify the coil leads. Any leads
that showed to have a resistance between each other are parts of
the same coil. Leads measured without resistance are parts of the
different coils. The resistance between two ends of the same coil is
twice the resistance between the end lead and the center lead.
After the coil leads have been determined, one end of the coil can
be connected to “+”and the other end can be connected to “— “.
The connection can be either backward or forward, if the motor
spin in an unwanted direction, it can be simply fixed by reversing
one of the wiring coils pairs.

As in Figure 31; the pins 1, 2, 3, 4, 5, 6 of the stepper motor were
respectively marked with different colors: brown, white, orange, red, grey,

yellow.
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a) Resistance between pin 4 and 6, b) Resistance between
pin 5 and 6, c) Resistance between pin 4 and 5, c) Resistance
between pin 1 and 6

Figure 31.

Table 5. Resistance measurement between each pin
Brown | White | Orange | Red Gray Yellow
Brown 3.7Q |7.1Q No No No
value value value
White 3.70Q 380 No No No
value value value
Orange 7.1Q [3.8Q No No No
value value value
Red No No No 3.7Q 710
value | value | value
Gray No No No 3.7Q 3.8Q
value |value | value
Yellow No No No 710 3.80Q
value |value | value
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According to the measurement from Table 5. White and Gray (2 and 5) are
the center leads. Brown and Orange are two ends of the first coil. Red and
Yellow are two ends of the second coil. Since the whole system requires
high torque, bipolar wiring mode was chosen for the 6-wire hybrid unipolar
stepper motor. These 6-wire steppers can be used either as a bipolar or a
unipolar one.

HARE  Outline

+ LEAD WIRE SIDE
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-PIN : SPH-002T-PO.55

JST

S6B-PH-K-5-2.2
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Figure 32. Stepper motor dimension (Eminebea, n.d.)
Table 6. List of stepper motors used for the project
Motor
Axis | Manufac | Model | Step Drive | Rated Resistance | Holding | Rotor
turer angle | seque | current | (Ohms) torque | Inertia
(deg.) | nce (A) (mNm) | (g.cm2)
Y Minebea | 17PM- | 1.8 Uni- 1.4 2.8 400 75
X K442U polar
Z Minebea | 17PM- | 1.8 Uni- 1.4 2.0 250 50g
T K342U polar

3.2.3 Transistor

A transistor which stands for Transfer Resistor according to (Wennrich,
2019, p. 396) is a small, solid component used for general purposes of
amplifying power and switching applications. Nowadays, transistor is
virtually packed in every electronic device. It comes in a wide range of
styles and types, and each has its unique characteristics, but most of the
transistors are composed of semiconducting properties: germanium or
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silicon. This semiconducting element is selectively doped with other
properties, such as phosphorus, boron, arsenic or gallium, etc. Once the
doping method implants impurity atoms in the semiconducting crystal, it
results in either creating a defect in the structure of the material (P-type)
or adding extra electrons on it (N-type) (Reisch, 2003, p. 6).

On the bipolar transistor, there are three terminals: Emitter, Base,
Collector (shown in Figure 33 and Figure 34). The base terminal is used for
controlling, while the emitter and collector are for negative and positive
leads. Transistor can be either PNP Sourcing Type (N-type semiconductor
is layered between 2 P-type layers) or NPN Sinking type (P-type
semiconductor is layered between 2 N-type layers).

p-type n-fype p-type
Emitter ] Collector
(E) Emitter Base Collector (C)
region region region

Emiﬂer-‘Base Bk Co"ecfot_‘—Bc:se
Junction (B) Junction

Figure 33. PNP transistor and its layered structure (WikiBooks, n.d.)

n-type p-type n-type
Emitter ) Collector
(E) Emitter Base Collector (C)
region region region

/ AN
/ \

Emiﬂer-‘Base Riisé Co||ecior—Base
Junction (B) Junction

Figure 34. NPN type and its layered structure (WikiBooks, n.d.)

In NPN transistor, the positive lead is connected to the collector terminal,
and current flows from the collector to the emitter. While in PNP
transistor, the positive lead is connected to the emitter terminal so that
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the current flows from the emitter to the collector (described in Figure 35
and Figure 36).

tput

MNegative Line Common Positive Lne Common

Figure 35. Wiring comparison between NPN and PNP (Pinterest,
2020)

PNP Transistor NPN Transistor

Emitter Collector

Collector Emitter

Figure 36. Pin layout between PNP and NPN transistor (Electronics
Tutorials, n.d.)

Even though silicon transistor was invented later, it is now the most widely
and commonly used compared to the germanium type. Due to the larger
intrinsic density of germanium, a sudden temperature rise can lead to a
considerable increase in reverse current. Meanwhile, with silicon
properties, transistor can operate under a wider range of temperature,
such as in switching applications. As a result, this contributes extensively
to the advantages of silicon bipolar transistor (Reisch, 2003, p. 6).
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Due to the versatility and the specialized feature for medium switching
applications, the TIP41C Bipolar NPN Silicon transistor was selected for the

project.

&

¥

: TO-220

1.Base 2 Collector 3.Emitter

Figure 37. Pin layout of TIP41C (Onsemi, n.d.)

Specifications:

Table 7. Maximum ratings of TIP41C (Onsemi, n.d.)

Symbol | Parameter Value

VCeo Collector-Base Voltage | 100V

Vceo Collector-Emitter 100V
Voltage

VeBso Emitter-Base Voltage 5V

Ic Collector Current (DC) 6A

Icp Collector Current | 10 A
(Pulse)

I Base Current 2A

T) Junction Temperature 150 °C

Table 8. Electrical characteristics of TIP41C (Onsemi, n.d.)

Symbol | Parameter Conditions Min. Max. | Unit
hee DC Current | Vee=4V,Ic=0.3A |30

Gain

Vee=4V, lc.=3A 15 75

Ve Collector- lc=6A, Is=600mA 1.5 \Y
(sat) Emitter

Saturation

Voltage
Ve Base-Emitter | Vce=4V,Ic=6A 2.0 Vv
(on) On voltage
fi Current Gain | Vce= 10V, Ic=500 | 3.0 MHz

Bandwidth mA, f = 1IMHz
Product
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3.2.4 Proximity and limit switch

There are two types of 3-wire sensors available: PNP and NPN (described
in Figure 38). The selection of sensors is determined by the controller
circuit design. In some PLCs, the input can perform as either sourcing or
sinking type. It is, therefore, essential to identify which wiring connection
of PLC should be used. Generally, in Vietnam, the NPN sensor is preferable
as PLC input is commonly used in sourcing type. Accordingly, an NPN
normally-open proximity switch LEFIRCKO LJ12A3-4-Z/BX (shown in Figure
39) was chosen for the T-axis.

“Positive”

+24VDC
PNP
Sensor
Switched

|—]—|_'_ \ l Positive
Sensor

Electronics
[ N——
Controlled Load or
PLC Input
— “Negative”
ovDC - ovDC
“Positive”
NPN +24VDC +24VDC
Sensor
Controlled Load or
PLC Input
Sensor
Electronics I |
[— \ 4 suitched
Negative

ovDC
“Negative”

Figure 38. PNP vs NPN connection (Innovating Automation, n.d.)

Figure 39. LEFIRCKO LJ12A3-4-7Z/BX (Opencircuitshop, n.d.)
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For normal on/off-detecting function, limit switch LXW5-11G2 was
selected.

Figure 40. LXW5-11G2 limit switch (thegioiic, n.d.)

3.2.5 Emergency stop

LA38 (shown in Figure 41 and Figure 42) self-locking switch was selected
as an emergency button. There are usually two types of connection on the
emergency stop button: Normally-open and normally-closed. In terms of
operating time, normally-closed contact responds faster than the
normally-open contact due to the natural state of release. Secondly, in
default status, normally-closed contact continuously sends signals to the
control system. A fault in the wiring or pushing button action causes
immediate disconnection in the circuit. However, on the other hand, in
default status of normally-open contact, the control does not receive any
signal until the button is pressed. A loose connection, therefore, can cause
a fail emergency operation. In conclusion, a normally-closed connection is
a correct way to wire the emergency push buttons and it was chosen for
the project.

Figure 41. Emergency switch button LA38/203 209B (Aliexpress, n.d.)
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Figure 42. Normally open contacts of emergency stop (Aliexpress,
n.d.)

3.2.6 Wire selection

Wire is commonly categorized into 2 types: solid wire and stranded wire.
The solid type is made of a single piece of metal which gives the wire more
strength but less flexibility than the stranded type. Therefore, the wire is
likely to crack if subjected to frequent flexing. The stranded type, on the
other hand, is composed of several small strands, which are clustered
together (Omnicable, n.d.). Stranded wire is more flexible than solid wire
which makes it a suitable choice for the project.

The wiring section was divided into two main lines. According to the
manufacturer’s datasheet (indicated in Figure 43), the decision was made
as follows:

Power supply line:

24 Vdc; 2.5 A: PVC Insulated stranded wire VCm 0.5 mm
24 Vdc; 8.8 A: PVC Insulated stranded wire VCm 1 mm
220 Vac: PVCinsulated stranded wire VCm 1.5 mm

Control line:
PVC Insulated stranded wire VCm 0.5 mm
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Day dai mém, rubt déng
Flexible copper conductor - PVC insulated wire
54 loi Tiét dién Day doi Day doi

MNum. of core Nom. area mém det, mém tron,
of conductor  mém xodn  mém ovan,
Vimd , ¥imx  mém oval

det
VCmt , Wmao,
VCmeod

mm? A A

2 0.5 5 7
2 0,75 7 10
2 1,0 10 11
2 1,25 12 13
2 1.5 14 15
F 2,0 16 17
2 2.5 18 20
2 35 - 24
2 4,0 E 27
2 5.5 - 32
2 6.0 = 36

Figure 43. Current ratings of PVC wire (Cadivi-vn, n.d.)

3.2.7 Miniature circuit breaker

Miniature circuit breaker is an automatically protective device designed to
avoid damages caused by the excess current from a short-circuit or an
overload. It is categorized into different classes. Selecting a miniature
circuit breaker, therefore, requires some attention.

Short circuit protection: According to Figure 44, The copper wire PVC
insulated with a nominal diameter of 1.5mm? can withstand the permitted
value of 29700 AZ.s. To what extent, miniature with the rated current
below 16 is suitable for the project 220 VAC circuit. For example, the S201-
B16 miniature circuit breaker limits the let-through energy to approx.
20000 A?.s, which is far less than the let-through 1.5 mm? wire permit.
Consequently, the wire can be protected when a short circuit takes place.

Y N B, C Cu cable, Max. permitted
LY \ . N In= PVC-insulated Pt values
= 1 yACH mm? Mg
A = 25 82,600
;e /4 - -
& b 125 A
F \‘ \\ N y EX:T
£ \ 3 ) 7, EXD
= AN L
T g AY 1004 ~
. Y N /T\~|~/{ 058 18 29,700
2 A BO A 18 A
N =~ A10.13A
K 1.0 13,200
\ 7" '
63 A .
PN ] >~ ’l/ BA h
o 1 7rds
& N'E /4 075 7,400
& =7 -
i /'
~fsa T/
3
AViy)/ 4
254
\ y

t
1w & 810 2 3 4 B
Prospective short-circuit current LiA —

= = = gl fuse
—— Circuit-breaker

Figure 44. Let-through energy (ABB, 2013)
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MCB characteristics: The miniature circuit breaker is also classified into
different tripping characteristics for different purposes. Generally, when
the switching power supply power is on, an instantaneously strong surge
current in the circuit will occur, this inrush current can come up to over 10
times of normal input current and the period only takes place within
several milliseconds. Therefore, the tripping characteristics must be
selected carefully to avoid unintended tripping of the circuit breaker
during the surge.

With B characteristic, from Figure 45, surge current between 3 to 5 times
the rated current will trip the miniature MCB within a specified time. For
instance, 3.1 times of the rated current does not trip before 2.1 seconds
and the latest trip will occur after 40 seconds. The short circuit with a
current of 5 times the rated current will trip the MCB immediately. The
white curve represents the characteristic of a copper cable. As the curve
lies in the safe tripping zone, cables will be protected.

60 —1¢
40 —

Minutes —*
n
o
|

0.2

0.1 —|

Seconds —*

0.02 —|------d -

Multiple of rated current —»

Figure 45. Protection level of B characteristic (ABB, 2013)

“K” and “Z” characteristics, according to Figure 46, provide better
protection performance during the operation due to their tripping zone
which draws close to the multiple of rated current “1” at the curve’s end.
“Z” characteristic is sensitive as small peaks can trigger to trip the MCB,
hence itis used to protect the semiconductors. “B”, ”C”, ”D” characteristics
are commonly used for the protection of cables. Meanwhile, “K” is used
for the protection of windings in transformers and motors.
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Base on the Siemens’ datasheet (Siemens, 2020), the suggestion for plc S7
1200’s Miniature Circuit Breaker is 16 A characteristic B or 10 A
characteristic C. Therefore, the miniature circuit breaker ABB S201-B16

was selected (Figure 47), which was also compatible/qualified for the
stepper motor’s switching power supply (32 A inrush current).

L i
)

) V|
Q

Figure 47. Miniature circuit breaker S201-B16 (ABB, n.d.)
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4 IMPLEMENTATION

The following chapter covers the design details and implementation of the
AS/RS. First, the design of shelves and axis arrangement are presented in
Chapters 4.1 and 4.2. Then, details of Y, X, Z, T axis implementation are
described in Chapters 4.3, 4.4, 4.5 and 4.6, respectively. Lastly, the wiring
structure and layout of equipment are illustrated in Chapters 4.7.

4.1 Design of shelves

Two vertical shelves (left shelf and right shelf) were placed distinctively on
two opposite sides of the base, which left an aisle for the operation of the
A/S machine (illustrated in Figure 48). To solve a space-saving problem,
each shelf was designed with two floors. On each floor, there were 3 slots
to store/retrieve the load, which made up a total of 12 slots. The same
storing/retrieving place was located next to the right shelf.

Figure 48. Structure and dimension of the shelves
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4.2 Axis arrangement

This chapter illustrates the design movement of the AS/RS system. In order
to design a system, which was able to transfer a load onto two separate
shelves, the S/R machine structure was divided into four main axes. Firstly,
the X-axis provided linear motion which helped to transfer/retrieve the
load onto/out of the shelf. Secondly, the Y-axis provided linear motion
which moved along the aisle. Then, the Z-axis provided linear motion
which assisted in lifting the load up/down. Finally, the T-axis provided
rotational motion which assisted in shifting the load back and forth
between the right and left shelves. The initial design as shown in Figure 49
was to separate the structure into 2 parts: a lower body and an upper body
of the S/R machine. The lower body consisted of Y and T, while the upper
body consisted of Z and X.

X - a8

Z-a%$

< ;
Yowrs =

Tacis

Figure 49. The first design of S/R hand’s movement

This design was taken into serious consideration. Since the lower body had
to carry a more massive weight, the T axis was required to deliver a
significant amount of torque to turn the whole machine from left to right,
vice versa. A pneumatic 180-degree rotation actuator was deliberated as
the broad range of torque it could produce. However, although the air
pressure could be controlled to give the AS/RS machine a desired speed
and torque, the complexity in installing the pneumatic actuator was a
challenge for the project. Moreover, the pneumatic actuator was not an
economical option and readily available component.

The second design (illustrated in Figure 50) was brought out to solve the
installation difficulties and pricing issues. The solution was to use the X, Y
for the lower body and Z, T for the S/R machine's upper body. As a result,
T-axis was free from carrying heavyweight structure, and the whole system
synchronously operated in the same screw-drive mechanism.
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<
Y-v %5
S axis

Figure 50. The final design of S/R hand’s movement

4.3 Implementation of Y-axis

The Y-axis (shown in Figure 51) consisted of a 500x600 mm aluminium base
platform, the main leadscrew system, and a linear optical guide axis. The
linear guide was a set of a 600 mm steel optical rail with 8 mm in diameter
steadily supported at two ends by two KP0O8 bearings. To securely guide
the load to the desired direction, two ball-based linear bush SC8UU
bearing were used. The main leadscrew was constructed with a T8 nut
covered by a nut housing bracket, which travelled on a 500 mm T8
leadscrew. The leadscrew shaft was supported by two KP0O8 bearing
brackets at each of its ends. Then, a 5x8 flexible coupling was attached to
connect the leadscrew to the shaft of the motor.

Figure 51. Structure of Y-axis
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Figure 52. Side view of Y-axis’ movement

Figure 53. Top view of Y-axis’ movement

4.4 Implementation of X-axis

Much like the Y-axis, the X-axis (illustrated in Figure 54) was made of a
150x250 mm aluminium base platform, the main leadscrew system, and a
linear optical guide axis. The linear guide was a set of a 150 mm steel
optical rail with 8 mm in diameter steadily supported at two ends by two
KP0O8 bearings. To securely guide the load to the desired direction, two
ball-based linear bush SC8UU bearing were used. The main leadscrew was
constructed with a T8 nut covered by a nut housing bracket, which
travelled on a 110 mm T8 leadscrew. The leadscrew shaft was supported
by two KP0O8 bearing brackets at each of its ends. Then, a 5x8 flexible
coupling was used to connect the leadscrew to the shaft of the motor.
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Figure 54. Structure of X-axis

Figure 55. Side view of X-axis’ movement

Figure 56. Top view of X-axis’ movement
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4.5 Implementation of Z-axis

The Z-axis (indicated in Figure 57) consisted of a 150x250 mm aluminium
base platform, the main leadscrew system, and a linear guide system. A
250 mm 2040 v-slot aluminium extrusion (Figure 58) and four pieces of v-
slot wheel type B with 625ZZ bearing (Figure 59) were selected for the
linear guide system. To constrain main leadscrew movement to a desired
straight line, v-slot wheels were screwed on to a 100x100 mm vertical
aluminium base carrier to be able to travel along the v-slot extrusion rail.
The main leadscrew was constructed of a T8 nut covered by a nut housing
bracket, which travelled on a 200 mm T8 leadscrew. The head of the screw
was mounted with a 5x8 rigid coupling. Additionally, to place a motor on
top of the Z-axis, a 45x80 mm aluminium base was screwed on to the top
of the v-slot extrusion frame.

Figure 57. Structure of Z-axis

Figure 58. 2040 V-slot aluminium extrusion (Banggood, n.d.)
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Bearing: 62522 Bearing: 62527
Material: POM Material: POM
\ Bearing:MR105ZZ

Matenal‘. POM
B A

Figure 59. V-slot wheel types with bearings (AliExpress, n.d.)

Figure 60. Side view of Z-axis’” movement

Figure 61. Front view of Z-axis’ movement

4.6 Implementation of T-axis

The T-axis (shown in Figure 62) consists of a 100x100 mm aluminium base,
two 80 mm 2020 v-slot aluminium extrusions (Figure 63), a main rotational
screw system and a dark mica-reinforced forklift. A motor was placed on
top of the aluminium base. On both sides, v-slot extrusions were used for
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the T-left and T-right sensors’ attaching. The main rotational screw system
was assembled from a 60mm M8 Hex bolt screw with a 5x8 rigid coupling
mounted at its end. To ensure the stiffness of the fork, nuts and flat
washers were added to the forklift to fasten it into a fixed position.

Figure 62. Structure of T-axis

Figure 63. 2020 V-slot aluminium extrusion (Makeralot, n.d.)
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Figure 64. Side view of T-axis’ movement

Figure 65. Top view of T-axis’ movement

4.7 Wiring diagram and layout of equipment

4.7.1 Power supply wiring diagram

The power supply was divided into two units (shown in Figure 66). The first
unit T1 was the SIMATIC Power Module PM1207 specialized for the usage
of PLC S7 1200. This module can output 24VDC with a rated current value
of 2.5 A.

The second unit T2 was used for stepper drivers. The output current of the
power supply was taken into consideration. The power supply must meet
the need of total current consumption to ensure the components work
properly and efficiently. Since there were four stepper motor drivers
connected in parallel and each of the drivers required 0-5 A, the output
current needed can be calculated as an equation below:

IRequiredS11+12+I3 +1,=54+5+54+5=204 (3)
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The current required must be less than or equal to 20 A. Moreover, as each
of the stepper drivers only needed 2 A, a suitable output current for the
power supply was calculated as followed:

Ieym~ h+L+ 1+, ~2+24+2+2~84 (4)

Therefore, the switching power supply 200 W-24 VDC-8.8 A was chosen,
which provided an adequate current of 2.2 A to each of the motor drivers.

RED_LSMM"2 RED_LSMM~2

BLU_LSMM~2 BLU_LSMM~2

Figure 66. Power supply wiring diagram of the AS/RS

4.7.2 Input wiring diagram of PLC

In PLC Siemens S7 1214 dc/dc/dc, inputs can be either Sourcing or Sinking
type. Hence, sourcing wiring connection was conducted for the PLC's input
due to its popularity in industrial applications and wide availability of NPN
sensors (shown in Figure 67).
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Figure 67. PLC’s Input wiring diagram of the AS/RS

4.7.3 Output wiring diagram of PLC

During implementation, several malfunctions were spotted in the PLC
module. The output signals from the PLC's pins Q0.2 and Q0.4 were
repeatedly unstable. For this reason, the drivers did not receive enough
continuous highspeed-pulse from the PLC to drive the motors. To
overcome this situation, pulse signals from output Q0.0 were continuously
provided in parallel to all four stepper motor drivers. However, because
the nominal voltage supply of the driver was only +5VDC, a number of
current limiting resistors must be added to ensure the driver’s safety.
According to the manufacturer’s manual (DFRobot, n.d.), an advisable 8-
15 mA current should be allowed for a proper operation of the internal
chip (illustrated in Figure 68).

24vdc
==

[ [ L]

Figure 68. Parallel wiring connection with resistors
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The persistence of voltage across each component in parallel circuit
formed the equation:

R _u_ 2 = 3000 Oh (5)
max =T = 0008 m
R _u_ 2 = 1600 Oh (6)
max =T = 0015 m
= 1600 Ohm < Rrecommended < 3000 Ohm (7)

2200 Ohm resistor was suitable to limit the current to nearly 11 mA.
Additionally, since the PLC’s outputs were 24 Vdc:
U? 242

- Lo (8)
R 2200 0.262W

Accordingly, 2200 Ohm % W Resistors were selected to be added before
the drivers’ “Pulse +” pins.

Moreover, another set of transistors that acted as highspeed switches
were added to the drivers' negative side to control the drivers' states. The
maximum current rating of the transistor’s base was 2A, plus, the current
flew through each stepper driver was adjusted before coming to the “Pulse
+” pin. Therefore, extra resistors were not necessary. However, to achieve
another layer of protection, 2200 Ohm % W resistors were still added
before the transistors (illustrated in Figure 69).

Figure 69. PLC’s output wiring diagram of the AS/RS



52
4.7.4 Terminal blocks

Terminal blocks were mounted for several purposes. Since the PLC’s
terminal could only allow a limited number of incoming wires. It was
advisable to use only one or two wires per terminal to avoid loose
connection. Furthermore, terminal blocks provided a safe power
distribution and connection, which reduced the risk of a short circuit.

Figure 71. Terminal 1 connection
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Figure 72. Terminal 2 connection

Figure 73. Terminal 3 connection

Figure 74. Terminal 4 connection
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4.7.5 Control cabinet

A 500x400x210 mm control cabinet was selected which provided enough
room for the set up of the components. Then, a set of 25x80 cable ducts
was attached across the panel to organize cable routing before assembling
other electrical parts.

[] L] [l ]

[=] [=]
| g g
o o =1
2 g °
E =] o
B i |
E 1=} =]
g § B

Figure 75. Cabinet layout
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Figure 76. Bill of material

5 PLC PROGRAMMING

Chapter 5 emphasizes the reason for using PLC Siemens S7-1200 and the
sequence of steps for the configuration and structure of the program used
in this thesis.

5.1 Overview of PLC (Programmable Logic Controller)

The controller chosen for this project is PLC Siemens SIMATICS S7-1200,
which is commonly used in many industrials in practice. As an alternative
replacement for S7-200, S7-1200 has predominant features. S7-1200
controllers are one of the product lines of programmable logic controllers
(PLCs) for automation applications. Compact design, low cost, and
powerful integrated function are what S7-1200 is designed for. PROFINET
are predominant features of S7-1200 over S7-200 and other previous
versions in terms of high-speed counter and pulse-train output (PTO).

S$7-1200 PLC CPU consists of a microprocessor, a power supply, digital
inputs/outputs, analog inputs, built-in PROFINET. All CPUs
provide password protection to help prevent CPU and control programs
from unauthorized access; the feature ‘know-how protection’ protects the
code within a specific block.
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® (@) Power connector
@ Memory card slot under top door
SIEMENS « @ (3 Removable user wiring connectors
— ® (behind the doors)
@ Status LEDs for the on-board /0
(5 PROFINET connector (on the bottom of
® the CPU)
—
®

Figure 77. PLC Siemens S7-1200 (Siemens, 2015, p. 19)

Connection options to a CPU 1200

Connection of Multiplication of Ethernet connec- Connection of sensors, e.q.
an HMI station tion using the communication buttons or limit switches, to the
(Basic Panel). switch module (CSM). onboard 10, to the signal board

(SB) or to a signal module (SM).

o

Connection of a CPU 1214C]
further 57-1200

> -
station or other e
devices on the .
basis of open user
" e 1 | &

communication.

A memory card (MC)
can be used to transfer
the control program
and upgrade the
operating system.

L -

Connection of Connection of devices
a programming using communication
device. modules (CM) with R5232

and RS485.
Connection of actuators, e.g.
contactors or lamps, to the
onboard 10, to the signal board
(SB) or to a signal module (SM).

[ 1 |

LCCED

Figure 78. Some connection features of PLC Siemens $7-1200
(Siemens, 2015)

The software for programming S7-1200 supports three programming
languages: Ladder Logic (LAD), Function Block Diagrams (FBD), Structured
Control Language (SCL). The software has significant flexibility as it is
integrated into Siemens TIA Portal version 15, which includes
programming environment WinCC, Step 7 and HMI console in a single
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platform. In other words, working with S7-1200 in terms of programming
software requires only TIA Portal.

SIMATICS S7-1200 has four distinct CPU models: 1211C, 1212C, 1214C and
1215C. Each has a different order number. All of the highlighted features
of S7-1200 needed for this design are shown in Table 9. In this thesis, the
model is SIMATICS S7-1200 CPU 1214C DC/DC/DC 6ES7 214-1AG31-0XB0O
and the program is written by Ladder Logic (LAD) in TIA Portal V15.

Table 9.

Features of Siemens related to this thesis (Siemens, 2020)

Feature

$7-1200 CPU 1214C

Article number

6ES7 214-1AG31-0XB0O

Physical size (mm)

110x 100 x 75

Bit memory 8192 bytes
Work memory 75 KB
Signal module | 8
expansion
Communication 3
module (CM)
Memory card SIMATIC Memory card (optional)
PROFINET 1
Ethernet port
Digital inputs Quantity 14
6 High-Speed Counter
Source/sink input | Yes

Input voltage

Rated value: 24 V
Signal 0: 5V DCat 1 mA
Signal 1: 15V DC at 2.5 mA

Input current

1 mA

Digital outputs

Quantity

10
4 Pulse Train Output at 100 kHz

Short-circuit
protection

No

Output voltage Signal 0: 0.1V
Signal 1: 20V
Output current Signal 0: 0.1 mA
Signal 1: 0.5 A
Analog inputs Quantity 2
Blocks Type OB, FB, FC, DB
Size 100 Kbytes
Timers Type IEC
Size 16 bytes per timer
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Select the PLC CPU 1214C DC/DC/DC with article number 6ES7 214-1AG31-
0XBO

B Add new device

EE,J Devices & networks

Add new

. Device name:
¢ [id Ungrouped devices
» 5§ Securitysettings [PLc1 J
3 m Common data
| ~ i 5 [a] .
» [5]) Documentation settings JIFE””"””E“ [ EE=e
~ [ simaTC 57-1200
3 % Languages & resources ~Tdcru
e -
¥ g Online access Coribmilers » [ cPU 1211C ACiDCiRly
» [ Card ReaderiUsE memery » [ cPU 1211C DODCIDC
I
DFJ!CPUHHCDUDURW e
» [ cPU 1212C ACIDTIRlY
» [ cPU 1212¢ DCIDCIDC
» [ cPU 1212¢ DCIDCIRY Rosishes
IS
Hl » [ CPU 1214C ACIDCIRlY Version: Vio =l
~ [ cPU 1214C DODCIDC =
— Il 5£57 214-14E30-0%80 EE
L Bl 6557 214-14G31-0XB0 Work memory 75 KB; 24VDC power supply with
DI14 x24VDC SINKISOURCE, DQ10 x 24VDC and
6ES7 214-1AG40-0XB0
= L AI2 on board; 6 high=peed counters and 4 pulse
» LHl CPU 1214C DODCRl outputs on board; signal board expands on-
PC systems » [l CFU 1215C ACDCRY board I10; up to 3 communication modules for
= serial communication; up to 8 signal modules
' r-i. CRO e REre for 11D expansion; 0.04 msi1000 instructions;
» Ll CPU 1215C DCDCIRlY PROFINET interface for programming, HM and
» [ CPU 1217¢ DODCIDC PLC-t0-PLC communication
» [[§ CPU 1212FC DCIDCIDC
» [@cPutzI2FCDCDCRY T
» [[§ cPu 1214FC DODCIDC
» [[J CPU 1214FC DCIDCIRlY
» [@ cPu 1215FC DADCBC
» [[J CPU 1215FC DCIDCIRlY
=
» (@ cPusIPLUS
e
3 I —
|9 Properties  [%} Info. @ | 2] Diagnostics
|| General [ 10 tags [ System constants [ Texts |
» Generel Ml —
» PROFINET interface
» DI14iDQ 10 R ——
» A2
} High speed counters (H5C) Enable

~ Pulse generators (PTOIPVIM)
- FTOTIPUM
General
Parameter assignment
Hardware outputs
» FTO2iPW2

Project information

m- () Encble this pulse generator

Figure 80.

Name: |Pulse_1
D AEEGTYS) Comment: '~
» PTOAIPAN
Startup
Cycle &7
Communication load
System and clock memo
2 > Pammeter
» Web cerver
Time of day 4 Pulse options
Protection :
Connection resources i - Signal type: | P10 [+
S Output source: [ Integrated CPU output I~]
Time base: [ illizeconds [+]
Pulse duration format: [Hundredths [~]
Cycle time: [100 ms
Initial pulse duration: [50 Hundredths
> Hardware outputs
Pulse output: [Q0.0 ]
Direction output: [QO.

Pulse Train Output configuration

PLC S7-1200 has four pulse generators including two types of PTO (Pulse
Train Output) and PWM (Pulse Width Modulation). However, only one PTO
signal type was enabled, which is named “Pulse_1" (shown in Figure 80).
“Pulse_1" has two distinctly fixed outputs: a pulse output that is used to
monitor the movement and pulse triggering of the motor (address Q0.0);
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a direction out that controls the movement direction of the motor, which
are both assigned automatically. The direction output (Q0.1) was not used
in this project. However, because the output is automatically defined by
TIA Portal, it is necessary to configure the output to avoid incoming errors.
Specifically, this PTO “Pulse_1"” was used to control the pulse of all four
axes represented four stepper motors. (displayed in the next chapter 5.3)

5.3 Configuration of motion and technology objects

“Pulse_1" was previously created in the pulse interface while configuring
the PLC S7-1200 device. As the pulse generator and direction of the
stepper motor has been configured, the next step is to connect a
technology object (also known as an “Axis” — shown in Figure 81) to
“Pulse_1". This “Axis” connects the interface between the stepper motor
and the user program.

[ Add new device EECERLIEC
iy Devices & networks Name:
~ [ PLC_1 [CPU1214C DOJDCIDC] |is_1 |
[I§ Device configuration

4/ online & diagnostics becn Version | Type: il
b gl Program blocks * M= MO::: Control B0 Number: I
J—
~ [ Technology objects & 10_i 0 | = O Venual
[ Add new ohject - Motion control — s Contral — () Automatic
b ligp External source files ————— & T0_CommandTable_... V3.0

Description:

I .
» Lg FLCtags K The *Axis” technology object (“TO_Axis_FTO")

b Tﬂ PLC data types maps a physical drive in the controller. It

e makes available the functions for controlling
b |z Watch and force tables stepper motors and servo motors with pulse
4 rjj, Online backups

interface. You program the drive movement
with PLCopen Motion Control function blocks.
¥ [if, Device proxydata
‘_'“'i Program info ]H
E] PLCalarm text lists

v [ Local modules SIMATIC Ident

FID

» % Ungrouped devices

¥ 5§ Security settings

4 ﬁ Comrmon data

» I-j-]] Documentation settings
v [{J Languages & resources <] Ll 2]

-
} Y Online access > | Additional information

v [ Card ReaderlUSE memory

Add newand open oK Cancel
pe

Figure 81. Create motion control axis for the stepper motor

The basic parameters of the technological object - “Axis_main” (shown in
Figure 82) must be defined to completely configure the stepper motors
while defining the extended parameters is optional. Assigning the
“Axis_main” to the pulse generator “Pulse_1" will automatically generate
the pulse output and the direction output, which have already been
defined when configuring the device. The green tick (shown in Fig below)
states that the stepper motors and the technological objects have been
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successfully configured, in other words, the stepper motor has been
connected to the user program.

- Basic parameters G |
] @ | Basic parameters
w Extended parametsr: (]
Drive signalz o General
Wechanics ]
Position limits /] Technology object - Axis
e ] Aoz name: | Axiz_main|
General V] '
Emergency stop V]
* Heming V]
General /]
Active o ’
Passive 0
Uzer pragram Technology chject - PO (Pulse Train Drive
Axis Quiput)
Hardware interface /
Fulse generater: | Fulse_1 [+]
Output location: 'Integrned CPU gutput ]
Pulse output: 'M:_mlin_pulze | (o0
Direction output: 'Au:_muin_dlnemn ] 'OBJ
Assigned fastcounter: intemal
Unit of measurement
Position unit: | mm =l
Figure 82. Technology objects configuration

The program can now control the pulse generator “Pulse_1”. The
“MC_Power” function (Motion Control Power) displayed in Figure 83 is
used to monitor the pulse generated from four stepper motors, based on
the parameter “Enable”. The status of the variable “pulse_enable” ensures
whether the program allows to enable or disable the pulse of the motors.

Y%DB8
"MC_Power_DB"
MC_Power

&[]

EN ENO
%4HR7 Status —iElse
*Axis_main® — Axis Error —ifalze

MO0 1
“pulse_enable” — Enable
0 — StopMode -
Figure 83.

Variable structure

Create Motion Control Function for stepper motor

The design consists of two shelves (described in chapter 5.3), each shelf
accommodates six slots (cells). Each cell from left to right and from up to
down is assigned to a number from “1” to “12” respectively (shown in

Figure 84).
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|/O Station

Figure 84. Cell position on both shelves

The HMI variables from “cl” to “c12” shown in Figure 85 displays the
buttons where each button illustrates a cell assigned to the corresponding
number (displayed in Figure 84). On the other hand, the variables from
“Ic1” to “Ic12” are lights, which represent the status of that particular cell.
In other words, light is ON if there is already an item at the cell and, on the
contrary, light is OFF if that cell is vacant.

Figure 86 displayed all the inputs, outputs and memories used in the
program. Seven of the inputs are limit switches, the corresponding stepper
motor will stop when reaching the corresponding limit switch. The outputs
“x_pusle”, “y_pulse”, “z_pulse” and “t_pulse” are used to enable or disable
the pulse of the X-motor, Y-motor, Z-motor and T-motor, respectively. For
instance, if “x_pulse” is 1, the motor runs; if “x_pulse” is 0, the motor stops.
The direction of the motors was controlled by four outputs “x_dir”, “y_dir”,
“z_dir” and “t_dir”. Each value of a direction output represents a unique
direction of a specific motor, where each motor only has two directions.

As a convention for easy understanding, the values of the direction outputs



62

with respect to the movement direction were shown in Figure 85 and
Figure 86.

hmi_data_block

Mame Data type Offset Comment
1 <4 « Static |
2 4 - start Eool 0.0 button: starts the program
3 4amm stop Bool 0.1 button: pause the program
4 |40 = horme Bool oz button: set mode “hame”
5 |1 = store Bool 0.3 button: set mode “store”
6 |40 = retrieve Eool 0.4 button: set mode "retrieve”
AT cl Bool 0.5 button: cell 1
& |40 = c2 Bool 06 button: cell 2
9 |0 = c3 Bool 0.7 button: cell 3
10 a1 = cd Bool 1.0 button: cell 4
11 |1 = c5 Bool 1.1 button: cell 5
12 <] = 6 Bool 12 button: cell 6
13 g = c7 Bool 13 button: cell 7
14 |qq = c8 Bool 14 button: cell 8
15 <@ = cg Bool 15 button: cell 2
16 a1 = clo Bool 16 button: cell 10
17 < = c11 Bool 17 button: cell 11
18 4qi = c12 Bool 20 button: cell 12
19 a1 = le1 Bool 21 light: cell 1
20 g0 = le2 Bool 22 light: cell 2
21 40 = le3 Bool 23 light: cell 3
22 |4q0 = led Bool 24 light: cell 4
23 4gn = les Eool 25 light: cell 5
24 g = lcé Bool 26 light: cell 6
25 40 = le7 Bool 27 light: cell 7
26 4q0 = les Eool 3.0 light: cell 8
27 4 = leg Eool 21 light: cell @
28 40 = le1o Bool 32 light: cell 10
29 40 = le11 Bool 33 light: cell 11
30 q0 = le1z Bool 3.4 light: cell 12
Figure 85. HMI variables
PLC tags
Name Tag table Data type Addr_. a Retasin  Acces.. Writa_. .. Comment
1 4  xstop_right Default tag table Bool %l0.0 E E E limit switch on right side of X-axis
2 4@ ystop_down Default tag table Bool %I0.1 =] M @ limit switch athome of Y-axis
3 4@ zstopup Default tag table Bool %I0.2 =] M @ limit switch above Z-axis
4 @ tstop_mid Defaulttagtable  Bool %103 M O @ limitswitchatthe middle of Taxis
5 4@ estp Default tag table E Bool =] M @ emergencystop
6 @ tstopright Defaulttagtable  Bool %I0.5 M M [ limitswitch on right side of Taxis
7 @ tstopleft Defaulttagtable  Bool %I0.6 M M [ limitswitch onleft side of Taxis
B @ xstopleft Default tag table _Bool 0.7 M & B imitswitch onlef side of Xanis
9 @ Ads_main_pulse Default tag table Bool %0Q0.0 [=] M ™ PO output to generate the pulse for all axes
10 @  Ads_main_direction Default tag table Bool %Q0.1 E E E not in used (avoid errors)
11 @ xpubse Default tag table Bool %0Q0.2 =] M [ enableldizable the pulse ofthe X-motar
12 @ xdir Default tag table Bool %Q0.3 =] M @ contrel direction (lefright) of the Xmotor
13 4@ ypubke Default tag table Bool %004 ™ M & enableldisable the pulse of the Y-mator
14 @ ydi Defaulttagtable  Bool %Q05 M M M control direction (forwardidownward) of the Y-motor
15 4@ zpuke Defaulttagtsble  Bool %Q06 M @ [ ensbleldisable the pulse of the Z-mator
16 @ zdir Default tag table Bool %Q0.7 =] M ™ control direction (up/down) of the Z-motor
7@ tpule Defaulttagtable  Bool Q1.0 M & @ enableldisable the pulse ofthe Fmotor
18 4@ tdr Default tag table Bool %Q1.1 =l M ¥ control direction (clockwiseicounter-clockwise) of the Tmotor
19 @ prmn Default tag table Bool %M0.0 g E g run the program
20 4@  pulse_enable Default tag table Bool %01 ™ M & enable pulse for the mation control axis
21 4@ step_enable Defaulttagtable  Bool W02 M @ ™ checkwhetherthe system allows the step motor to run or not
22 @ p_busy Defaulttagtsble  Bool W03 M @ [ checkwhen program is running or not
23 4@  p_busy_reftrieve_L Default tag table Bool %04 E E E when program is running “retrieve left”
24 @  p_busy_retrieve R Default tag table Bool %05 E E E when program is running “retrieve right”
25 4@ pbusystore L Default tag table Bool %MO.6. =] M [ when program is running "store left”
26 4@ pbusystoreR Default tag table Bool %M0.7 =] M [ when program is running "store right”
27 4@  retrieve L finish Default tag table Bool %M1.0 =] M [ when retrieve left" finishes
28 40  refrieve_R finish Default tag table Bool %h1.1 E E E when “retrieve right” finishes
29 @ store_l finish Defaulttagtable  Bool i1 2 M & whenstore left finishes
30 4@ store_R finish Default tag table Bool %h1.3 E E E when “store right” finishes.

Figure 86.

Program variables
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clockwise

counter-clockwise

Figure 87. Movement directions of each axis

Figure 88. The value of the direction outputs (x_dir, y_dir, z_dir)
when moving towards a particular direction
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The programming structure was divided into two parts: main function
blocks and subfunctions. The main function blocks contain five (Function

Blocks) FBs represented five modes of the model.

. Oraganization Block (OB)

- Function Block (FB)

D Function (FC)

Main [OB1]

|

l

HM'[EEZI'EVE T_clockwise [FC3] X_left [FCS] 2t up [FCT]
HMI_store [FC2] T_count[ir (_::I]nckvnse X_ight [FCB] Y_b?':cé\;v]ards

Figure 89.

Hierarchy of program block calls

~ [ PLC_1[cPU1214C

DE/DC/DC]

ﬂ'f Device configuration
ﬁ Online & diagnostics

=[5l Program blocks
E* Add new blo
& Main [OB1]
48 Block_home

ck

[FE1]

& Block_retrieve_L [FB2]
3 Block_retrieve_R [FB3]

48 Elock_store_|
48 Block_store_|

L[FB4]
R[FES]

@ Block_home_DE [DB1]
@ Block_retrieve_L_DB [DB2]
@ Block_retrieve_R_DE [DB3]

. Block_store_|
@ Block_store_|

L_DE [DB4]
R_DE [DBS]

@ hmi_data_block [DB&]

* [&] Sub function

4 HMI_retrieve [FC1]

4 HMI_store [FC2]

3 T clockwise [FC3]

4B T_counter_clockwise [FC4]
B x_left [FC5]

& ¥_right [FC6]

& ¥_backward [FC7]

4 Z_lift_up [FC8]

4 moveTowardsCellPosition [FB6]
& 7_lift_down [FE7]

Figure 90.

Main FBs

Structure program blocks

- o

> Sub functions
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Description the main FBs

FBs

Description

Block_
home
[FB1]

Move towards home position (initial position of the S/R
machine). The function is especially used in case of a blackout
or a breakdown when the S/R machine is at a random position
and the memories might be lost. The S/R machine will safely
move towards the initial position

Block_
retrieve_L
[FB2]

When there is an item on the chosen cell on the left shelf, the
S/R machine travels to the cell position, carries the item and
places it at the 1/O station. If the chosen cell is empty, the
function does not operate

Block_
retrieve_R
[FB3]

When thereis an item on the chosen cell on the right shelf, the
S/R machine travels to the cell position, carries the item and
places it at the 1/O station. If the chosen cell is empty, the
function does not operate

Block_
store_L
[FB4]

When the chosen cell on the left shelf is empty, the S/R
machine move towards the 1/O station to pick up the items
then travels to the cell position and places the item at that cell

Block_
store_R
[FB5]

When the chosen cell on the right shelf is empty, the S/R
machine move towards the 1/O station to pick up the items
travels to the cell position and places the item at that cell

The sub functions (inner functions) consist of different FCs and FBs.

Table 11.  Description of all sub functions

Function Description

HMI_retrieve | When the retrieving process at the selected cell finishes,
the program turns off the lights of that cell on the HMI

HMI_store When the storing process at the selected cell finishes, the
program turns on the lights of that cell on the HMI

T_clockwise Rotates the T-motor in a clockwise direction

T counter_ Rotates the T-motor in a counter-clockwise direction

clockwise

X_left Moves the X-motor to the left side

X_right Moves the X-motor to the right side

Y _backward Moves the Y-motor backwards

Z_lift_up Moves the Z-motor upwards, specifically lifts the item up

Z_lift_down Moves the Z-motor downwards, specifically places the
item

moveTowards | The function moves the Y-motor forwards to the chosen

CellPosition cell position. If the chosen cell is at the lower row, the
function also moves the Z-motor downwards
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5.6 Description of primary programming functions

The program starts to run when the “start” button on the HMlI is pressed
while the “stop” button and the emergency stop were not activated, then
“p_run” is initiated, as shown in the LAD logic in Figure 91.

%DB6 _DBEX0 .0 %DB6 DBX0 1
“hmi_data_ “hmi_data_ W0 .4 MO0
block™ start block® stop "e_stop” “p_run®
{ } 1/t { } { }
MO0
“p_run®
I 1
LI |

Figure 91. LAD logic for starting the program

The logic expression in Figure 92 illustrates that when the program stops
running or finishes the process, all outputs are reset and all stepper motors
are deactivated.

UMO O %00 2
“p_run” “¥_pulse”

i/ {R}—

%0Q0.3

“x_dir"

{Rp——

Q0 4

"y_pulse”

{R }—

%Q0.5
"y dir"

{R}—

%Q0.6

"2 pulse”

{Rp——

%007

“z_dir"

{R }—

Q1.0

*t_pulse”

{R }—

%01.1
*t_dir"

{Rp——

Figure 92. Reset all output when “p_run” is deactivated

The memory “pulse_enable” in Figure 93 triggers the pulse of the
“Axis_main” (as described in Figure 82) to run the stepper motor. The
variable “step_enable” decides whether to generate the pulse for the
motor, “step_enable” is always set to “1” when the program is currently
running. Due to possible hardware malfunctioning when the program is
not running but the motor output is “1”, “step_enable” will disable the
pulse generated for the motors.
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0.2 MO 2 M0
"x_pulse” "step_enable” “pulse_enable”

1 | 1 | { }
1T 1T v F

Figure 93. Enable the Pulse output to run the motor

Figure 94 and Figure 95 both illustrate the logic expression of the “store”
mode. In order to activate the “store” mode, first “p_run” must be “1” (the
program is running), the “Store” button and a button represented the
chosen cell on the HMI, respectively, must be pressed one after another.
However, the “Store” mode is not activated when the light of the chosen
cell on the HMlI is on (“Ic” is “1”), which indicates that there is already an
item on that cell. In other words, the “store” function is only called when
there is no item on the chosen cell, as depicted in chapter 5.4

%WDB6.DBX0.3 %DB6 DBXD.5 %DBE6 DBX2.1
A0 0 “hmi_data_ *hrni_data_ *hmi_data_ W03
"p_run” block™ store block® c1 block™ et "p_busy"
1 | { | i 14 {s }—
%DB6.DEXD.6 %weeDEXx22 |, WMO6
“hri_data_ “hmi_data_ p_busy store_L
block™.c2 block™.lc2 —s }——
| I
“DB6 DBXD 7 “DB6 DBX2 3
“hrni_data_ “hmi_data_
block®.c3 block®.lc3
{ | 14
%DBE6 DBX1.0 %WDBE6 DBX2.4
“hmi_data_ “hmi_data_
block®.c4 block® lc4
i 14
WDB6.DBX1.1 %DB6.DBX2.5
“hmi_data_ “hmi_data_
block®.c5 block®.lcs
| 1
WDB6 DBX1.2 WDB6 DBX2 6
“hrni_data_ “hrmi_data_
block®.c6 block®.lcé
{ | 14
WDB4
"Block_store_
0.6 B4
"p_busy_store_L" “Block_store_L"
—— ] —-en ENO ———

Figure 94. Run “Store” mode if the chosen cell is on the left shelf

Each cell is indexed to a number from 1 to 12, as shown in Figure 84. The
cells numbered from 1 to 6 will call the “Block_store_L” Function Block
(Figure 94) and the cells numbered from 7 to 12 will call the
“Block_store_R” Function Block (Figure 95).
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Figure 95.

“DB6.DBX0.3 “DB6.DBX1.3 “DB6.DBX2.7
WMo.0 “hmi_data_ “hmi_data_ “hmi_data_ %Mo 3
*p_run’® block” store block®.c7 black™ Jc7 *p_busy’
{ | { | { | i1 {s —
%DB6_DBX1.4 wWesDBX3O | W07
“hri_data_ “hri_data_ p_busy_store R
block”.c8 block"les” [ —{s}——
| i/t
“B6 DBX1.5 %WB6_DBX3.1
“hmi_data_ “hmi_data_
block™.c9 block™ lc9
{ | i1
%DB6.DBX1.6 %WB6.DBX3.2
“hmi_data_ “hmi_data_
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Run “Store” mode if the chosen cell is on the right shelf

The logic expressions of the “Retrieve” process displayed in Figure 96 and
Figure 97 is relatively similar to the “Store” process. The sole difference is
that the “Retrieve” mode only runs if there is an item at the chosen cell.

Figure 96.
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mode if the chosen cell is on the left shelf
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Figure 97. Run “Retrieve” mode if the chosen cell is on the right shelf

6 HMI DESIGN (HUMAN-MACHINE INTERFACE)

Weintek MT8071iP HMI as it was used for the user interface is widely
compatible with a broad range of PLC brands, includes Siemens. The
programming of HMI was done on Weintek Easybuilder pro. This HMI
program offers high-quality graphics libraries, which makes editing
becomes straightforward. Furthermore, Weintek HMI uses TCP/IP
protocol, which enables the Ethernet connection.

Before connecting Siemens PLC to Weintek HMI, the data block for the HMI
on TIA Portal was activated with offset addresses by unchecking the
Optimized block access. Then to acquire data from PLC, linking devices was
made in device settings of Easybuilder pro, S7-1200 device type was
selected. Moreover, the Ip address must be checked carefully. To be able
to obtain data from PLC, both PLC and the HMI settings need to be set at
the same IP address, which shows in Figure 98.



Name : | Siemens 57-1200/57-1500 |

O

(@ Device

Location : [Lgcal

= Select Local for a device connected to this HML, or Remote for a device connected through another
HML

Device type Siemens 57-1200/57-1500 {Absokte Addressing) (Ethemet) Iv
evice ID : 477, V.2, 10, SIEMENS_S7_1500_ETHERNET.e30

IF: | Ethernet

= Support offine simuiation o HMI (use LB-12358).

~| [ Settings...

P : [192.168.0.1, Port=102 Settings.

[[JUse UDP (User Datagram Protocol )

Interval of block pack (words) : |5 -

Max. read-command size (words) : 20

Max. write-command size (words) : | 20

Figure 98.

oK Cancel

Device settings in Easybuilder pro
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Importing tags was made after saving and closing the TIA portal project.
Otherwise, it could not be done. All tags were imported at once on

Easybuilder pro, which shortens the importing process.

The HMI mainly focuses on the simplicity in the design to effectively deliver
enough information to the operators regardless of their familiarity with
machines. The design was divided into two parts. The first part on the left
side of the HMI was the arrangement of the shelves (displayed in Figure
84). It was equipped with selecting buttons and a number of lamps to
illustrate the cell’s state. The second part on the right side was the control
area includes START, STOP, HOME, RETRIEVE, and STORE buttons (Figure

99).

Automated Storage and Retrieval System

Slot number:
cell1 n Cell 2 n Cell 3
cell4 u Cell 5 n Cell6
cell7 n Cell8 n cellg
Cell 10 n cell 11 n cell 12

Figure 99. HMlI interface of the AS/RS
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7 FURTHER IMPROVEMENTS OF THE PROJECT

7.1 Experimental result

The planning process had an essential influence on the implementation of
the project, which was defined and evaluated in terms of available
components provided by the commissioning party. The final target of the
project was achieved and the model was approved by the supervisors of
the company. Figure 100 and Figure 101 show different views of the real
model.

Figure 100. Back view of Z-axis



72

Figure 101. Overview of the AS/RS

7.2 Drawbacks in the project

During the procedure of the project, the main challenges when designing
the layout were the lack of limit switches and some critical components
provided by the commissioning party. The supervisor of the company
stated that at the moment the project should be able to operate as soon
as possible for visualization and training programs. Therefore, the system
will be upgraded at the next stage of the project when the commissioning
party decides to conduct more research and investments.
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Figure 102. The X-axis of the current system

Figure 102 shows that the movement the X-motor along the X-axis is
limited by two limit switches. Since there is no limit switch in the middle
between the two shelves (in the middle of the X-axis), the origin of the Y-
axis cannot be placed here. Instead, it was positioned closer to the right
shelf. Therefore, when implementing the “store” or “retrieve” process, the
system had to be shifted to the left along the X-axis in order to prevent the
T-axis from being stuck into the right shelf (as depicted in Figure 103 and
Figure 104).

Figure 103. T-axis collides with the right hand shelf
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Figure 104. Shift the system to the left to avoid a collision

Consequently, the system has to execute more movements to avoid a
collision.

7.3 Improvements

The solution to the collision issue is indeed complexed. There are several
ways, but the most optimal approach proposed by the author would be to
remove the rotation axis (T-axis). The S/R machine in the project lacks the
“telescopic forks” (displayed in Figure 105 and Figure 106), which is a
crucial component to carry the item on its carriage towards the cell firmly.
The X-axis should be replaced with this fork module, while the movement
of the Y-axis and Z-axis might remain the same. The movement of the fork
is complexed, but it is constructive and efficient. Accordingly, the
“telescopic forks” has become an irreplaceable part of the S/R machine in
practice.

Figure 105. Telescopic forks (Linear Motion Tips, 2017)
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Figure 106. Three different types of telescopic forks (Linear Motion
Tips, 2017)

Moreover, even though the movement of the Y and Z axes might stay the
same, the mechanism for their linear motion must be replaced due to the
impracticability of leadscrew on large scale. The Y-axis should be replaced
with high precision guide rails, rack and pinion system (shown in Figure 107
and Figure 108). This system would allow easier installation/replacement
with an unlimited length for the Y-axis. Furthermore, cable carrier
replacement would also increase the mobility of the system. For the Z-axis,
a crane structure with a pulley system is recommended (as illustrated in
Figure 109). However, safety clamps must also be installed since this works
as a braking system. If a power outage event occurs, a safety-clamp system
will kick in to hold the load from falling.

Figure 107. Precision Pinion for Y-axis (Atlantadrives, n.d.)
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Figure 109. Example structure of Z-axis (Linearmotiontips, 2017)

Figure 110 depicts a simple visualization of the AS/RS for the
commissioning party in the stage future of the project. This system not
only diminishes the space and the number of movements, but also reduces
the number of limit switches or sensors. Moreover, designing electrical
implementation and writing PLC programming is much less complicated.
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Telescopic forks

L

1/O station

4

Figure 110. A simple depiction of the proposed AS/RS

In addition, a closed-loop motor is advisable in order to obtain precise
movement.

Since many components in this project were used as alternatives for
missing components, the operation procedure was not optimal. As a
result, the best solution would be to rebuild the system. That will depend
on the decision of the commissioning party on whether to invest into
further research and the appropriate equipment.
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8 CONCLUSION

This thesis has outlined a simple grasp of an Automated Storage and
Retrieval System and its general layout. For a greater depth of
understanding, a small-scale practice-based model was conducted as a
project of the commissioning party. In practice, owing to the significantly
high cost and complexity, it was crucial and challenging to design such a
system since the AS/RS needs to operate efficiently in cooperation with
other systems in the warehouse. Therefore, within the scope of the thesis
project, only the design of the layout, controller, programming and user
interface for the project were implemented without considering any other
factors.

The layout of the system is described based on the mechanical and
electrical design in the thesis, where each component is listed and the
system mechanism is depicted. The difficulties in handling the project were
the lack of some components and limit switches provided by the
commissioning party. Therefore, the layout design and PLC programming
had to be adapted to these changes. The 3D drawing and the electrical
diagram were designed by using AutoCAD Electrical. As required, Ladder
Logic Diagram was the primary programming language used in this project.
Ladder logic, which is one of the most common types of logic, is
constructive and easy for the readers of this thesis and the commissioning
party to understand and follow.

Despite the lack of components, the final AS/RS model was approved by
the commissioning party based on its feasibility and implementation.
However, a challenge lies ahead in the next phase of this project. More
research and investment are needed in order to widen the scale of the
AS/RS in the warehouse.
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UWFEB6
“moveTowardsCellPosition™
EN ENO
step_before — #step0

step_after —#step2

#stepl — step_current

zdown

later, lift up at Network 6

#Z_lift_down_
Instance

WB7
“Z_lift_down"
EN ENO
step_before —i #stepl
step_after —i#step3

#3tep2 — step_current

Network 4: .

rotate Tto left position

WC3
"T_clockwise"
EN ENO
#3tep3 — step_current step_before — #step2
406 step_after — #stepd

“t_stop_left” — ctate
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Network 5:  xleft

move fork towards the item

UFCS
_left”
EM ENO
#stepd — step_current step_before —i #step3

step_after —1 #step5

Network 6: zup

lift the item up

“rcs
“Z_lift_up®
EN ENO
#5tep5 — step_current step_before —i#s5tep4
step_after —i #5tep6

Network 7: xrnght

move the itemn out of the "I/O station”

UFCE
X_right"

EMN END
#5tepb — step_current step_before — #5tep5
step_after — #5tep?

Network 8: ybackward

=110 station

UFCT
*_backward™
EN ENO
#step? — step_current step_before —1 #stepb

step_after —1 #steps

Network 9: xleft

move the itern towards the /O station

WFCs
“K_left”
EN END
#5tepd — step_current step_before — #5tep?
step_after — #5tep?

Network 10: zdown

place the itern at the IO station, reserve space to move the fork out

#Z7_lift_down_
Instance_1
WFB7
“Z_lift_down”
EN ENO
#step® — step_current step_before — #s5tepd

step_after — #s5tepl0

MNetwork 11:  xright

move the fork out of the item

e
"X_right”
EN ENOD
#5tep10 — step_current step_before — #5tep?
step_after —#stepl]
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Network 12:

rotate Tto mid position <= home position

WFca
"T_counter_clockwise”
EN EMNO
#stepll — step_current step_before —i#stepl0
W0 4 step_after —1#5tepl2

t_stop_mid" — state

Network 13: zup
< home position
Wcs
“Z_lift_up®
EN EMNO

#stepl2 — step_current step_before —i#stepl]
step_after —i#5tep13

Network 14: ...
w setretrieve_L_finish" to 1

setchosen cell status to 0 (light on HMI off}

WFc1
"HMI_retrieve”

EN END
#step13 — step_current %WM1.0
state — “retrieve_L_finish”
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#stepl — step_current step_before —i#5tepl

step_after —1#5tep2

Network 3:

rotate Tto left position

WFC3
“T_clockwise™

EN END

#5tep2 — step_current step_before —#5tep

W0 6 step_after —i#step3
"t_stop_left” — state

MNetwork 4:  xleft
move fork towards the item
WrCs
™ left"

EM ENO

#5tep3 — step_current step_before —#5tep2

step_after —#steps

Appendix 2(1)
Store left
* Block title:
w store the item to the left shelf.
Itern initial position: /0 staticn
Itern final position: chosen cell
Network 1:
start at step 1
Network 1:
‘ #stepl #step2 #step3 #stepd #steps #steph
‘ q q " d 1l 1l [T >
#step? #step8 #step9 #step10 #stepll #stepl12
>} /1 /1 {1 {1 {1 {1 = >
%M 1.2
#stepl3 “store_L, finish" #stepl
Z 71 /1 /1 {$}
- Network 2: zdown
later, lift up at Network 5
#Z_lift_down_
Instance
%FB7
“Z_lift_down”
EN ENO



Network 5: zup

lift the item up

Wrcas
“Z_lift_up”

EN END
#s5tep4 — step_current step_before —#step3
step_after —#5teps

T

Network 6: xright

maove the item out of the "0 statien”

U
“¥_right"

EN END
#5tep5 — step_current step_before —#stepd
step_after —#stepb

T

Network 7: yforward and (z down if lower cell)

maove the item towards the chosen cell position

#moveTowardsCe
lIPosition_
Instance
Y“FB6
“moveTowards CellPosition”

EN ENO
#51ep6 — step_current step_before —i#5tep5
step_after —1#step?

Network 8: xleft

move the itern towards the cell

WFCs
*_left”

EM ENO
#s5tep7 — step_current step_before — #s5tep6
step_after — #5tepd

-

Network 9: zdown

place the item at the cell, reserve space to move the fork out

#Z_lift_down_
Instance_1
WFB7
“Z_lift_down™
EN ENO
#51tep8 — step_current step_before —#5tep?
step_after — #5tep9

Metwork 10: xright

move the fork out of the item

YFCh
“X_right"

EN ENO
#stepd — step_current step_before — #step8
step_after — #step10

-
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Network 11:

rotate Tto mid position

Wrca
“T_counter_clockwise®
EN EMNO
#5tep10 — step_current step_before —i#stepd
W0 4 step_after —1#5tepll

t_stop_mid® — state

Network 12: zup

= home position

WFca
“Z_lift_up®
EN EMNO
#stepll — step_current step_before —i#stepl0
step_after —1#5tepl2
Network 13: ybackward
< home position
UFCT
*_backward™
EN ENO
#5tep12 — step_current step_before —i#stepll
step_after —1#s5tepl3
Metwork 14:
¥ set"store_L_finish® to 1.
W2
"HMI_store”
EMN EMNO
#5tep13 — step_current 1.2

state —i "store_L_finish”



